The resonances of the imino protons and all of the non-exchangeable protons (except for H5'/H5") of d(CGCAAAAAAGCG)d(CGCTTTTTTGCG) have been assigned by means of one-and two-dimensional NMR spectroscopies. Qualitative analyses showed that the overall structure is of the B-form, but local conformational deviations exist. The NOEs between the imino protons of thymines and H2 of adenines suggest that the A-T base pairs are propellertwisted to almost the same degree as 1n crystals. A remarkable chemical shift of HI' was observed for the residue located just before the ol1go(dA)oligo(dT) tract, suggesting the presence of conformational discontinuity at the junctions between the ol1go(dA)oligo(dT) tract and the other portions. Analyses of cross peaks in NOESY spectra between H2 of adenines and HI' of the 3'-neighbouring residues on the complementary strand revealed that the minor groove of the oligo(dA)oligo(dT) tract is narrow and compressed gradually, from 5' to 3', along the tract.
INTRODUCTION
Attention is now focused on DNAs which contain the ol1go(dA)oligo(dT) tract, because 1t has become clear that such DNAs are bent. Wu and Crothers showed that kinetoplast DNA was bent and that the periodic appearance of the oligo(dA)oligo(dT) tract was the cause of DNA bending, 1n studies of electrophoresis [1] . By using a similar method, a close relationship between the tract and DNA bending was found for other DNAs, for example, the region of the replication origin and the binding site of the activator protein [2] [3] [4] [5] . DNA bending was observed more directly by electron microscopy, which confirmed the significance of the ol1go(dA)oligo(dT) tract [6] .
Studies on DNA bending by means of synthetic DNAs were also performed [7, 8] . Based on the results of such studies, two models for DNA bending have been proposed, one is the junction-bending model and the other the wedge model, but they contradict each other [8, 9] . Recently, a study Involving cleavage of the phosphodiester bonds by hydroxyl radicals was performed and another model for DNA bending was proposed [10, 11] . In this model, the structure along the ol1go(dA)ol1go(dT) tract 1s not uniform.
The crystal structures of DNAs containing the ol1go(dA)o11go(dT) tract, d(CGCAAAAAAGCG)d(CGCTTTTTTGCG) [12] and d(CGCAAATTTGCG) 2 [13] , were elucidated, but the existence of DNA bending was not as clear as expected, although conformational deviations were found locally. Spectroscopic studies on DNAs containing the tract have also been started; NMR studies on d(AAAAAATTTTTT) 2 [14] , d(CGAAAAATCGG)d(CCGATTTTTCG) [15] and d(GAAAATTTTC) 2 [16] in solution, and a Raman study on d(AAAAATTTTT)p in a single microcrystal [17] . Perturbation of the helix structure at the junctions between the tract and the other portions or at the ApT/TpA junction was suggested in some of the papers.
He have undertaken an NMR study of d(CGCAAAAAAGCG)d(CGCTTTTTTGCG). This oligomer is the same as that crystallized, so a conformational study of this DNA in solution is interesting. Here, we report the assignment of the 1m1no protons and all of the non-exchangeable protons except for H5'/H5", and some interesting features of the one-d1mensional NOE difference and two-dimensional NOESY spectra related with its unique conformation.
The numbering of the residues 1s as follows. 
MATERIALS AND KETH0OS
Both strands of the oligomer, d(CGCAAAAAAGCG) and d(CGCTTTTTTGCG), were synthesized on a 10 gmol scale using an automated version of the phosphoamidite coupling method with a model 381A ONA synthesizer (Applied Biosystems Co.). After deblocking of protection, each strand was purified on a C-18 reversed phase column and then converted into a sodium salt via a pyridine salt on an AG 50W ion exchange column [18] . Finally, each strand was purified on a Sephadex G-50 column. Equimolar amounts of the strands were mixed and then annealed by heating to 70 °C followed by slow cooling. The duplex oligomer was applied to a Sephadex G-50 column once again, to remove single strand materials, and then lyophilized ( ca. 300 b units ).
For measurement of NMR spectra of non-exchangeable protons, the lyophiiized sample was dissolved in 10 mM phosphate buffer (pH 7.0) containing 0.1M NaCI and 0.05 n*1 EDTA. The solution was lyophilized and dissolved in D 2 0, and then lyophilized several times from D 2 0 and dissolved in 0. 2 and 256 points for t-j, and the repetition delay was 2.0s. Two mixing times, 150ms and 300ms, were used for the NOESY experiments, and the mixing time for the HOHAHA experiment was 49ms. The t 2 data were apodized with a -20% shifted sinebell and then Fourier transformed. The t-| data were zero filled to 1024 points, apodized with a -11 shifted sinebell and then Fourier transformed. In Fig. 2B , cross peaks for thymidine residues are crowded, so the walk is interrupted between T16 and T20, and the assignment of T17, T18 and T19 is difficult. However, with the help of the H6(1)-CH 3 (1+l) (Fig. 3 ) and H1'(1)-CHj(i+1) (Fig. 5B ) connectivities in NOESY spectra, the frequency range where H6 and HI' of these residues appear can be limited, and thus the walk can be continued, although it 1s still impossible to determine the exact chemical shifts for these three residues. Moreover, cross peaks between the H2 of adenines and the HI' of the 3' neighbour on the same strand and the 3' neighbour of the complementary residue are useful for checking. This kind of cross peak has been observed in previous 20 NMR studies on B-form DNA [15, [31] [32] [33] . The H2 of adenines at 5 °C have already been assigned in a study 1n HjO (Fig. 1) . By tracing the resonance positions with increasing temperature up to 15 °C, the assignments at 15 °C Fig. 5A , therefore the cross peaks can be observed separately. Except for A9, cross peaks appear as mentioned above, so the assignments are confirmed. For A9, the cross peak to the HI 1 of T17 appears as expected, so the ambiguity of the assignments for the H1' of T17, T18 and T19 is overcome, but a cross peak to the HI' of T16, instead of G10, appears. We discuss this point later. Fig. 3 shows expansion of the H2'/H2"-H6/H8 cross peak region in the NOESY spectra, and the H6/H8 to H2' walk for both strands 1s outlined. A similar walk can be traced for H2" (not Indicated 1n Fig. 3) . The distinction between H2' and H2" is made by comparison of the intensities of Hl'-H2' and HT-H2" in the NOESY spectra (Fig. 58) , because 1n most conformations the H2" is closer to the HI', producing a more intense cross peak. The cross peaks for thymidine residues are crowded in Fig. 3 
RESULTS

Fig
DISCUSSION
The conformation of the double-stranded oligomer 1n solution belongs to the B-DNA category, because the intranucleotide and internucleotide connectivities in the NOESY spectra are qualitatively consistent with those characteristic of B-DNA. However, the spectra show some remarkable features related with the conformation of this oligomer.
In the model of Koo et al. [8] , the oligo(dA)oligo(dT) tract 1s assumed to take on a heteronomous DNA-Uke structure [34] . The suitable feature of this heteronomous DNA for bending 1s its tilting, because 1t leads to bending at the junctions between the tract and the other portions. This heteronomous ONA has another remarkable feature, that is, the large propeller-twist angle, 29°. Also, 1n crystal structures [12, 13] , relatively large propeller-twist angles are observed 1n the ol1go(dA)ol1go(dT) tract, which lead to the formation of bifurcated hydrogen bonds of the adenine amino groups to the 0-4 groups of two adjacent thymines.
On NMR spectroscopy, the propeller-twist of an A-T base pair can be monitored qualitatively by means of NOEs between the 1m1no proton of Its thyniine and the H2 of Its own and 3' neighbouring adenines. As understood C1  G2  C3  A4  A5  A6  A7  A8  A9  G10  C11  G12   C13  G14  C15  T16  T17  T18  T19  T20  T21  G22  C23 to that expected for the A-T base pairs of the crystal structure of d(CGCGAATTCGCG) 2 , so the propeller-twist angle in the tract is suspected to be about 17° or a little larger. This 1s 1n good agreement with the value observed for the crystal structure of the oligomer used in the present investigation (about 20° for the tract on average). Variation in the propeller-twist angle depending on the position of the residue in the tract is observed 1n the crystal structure, but 1t 1s difficult to discuss the sequence dependent variety on the basis of the NMR results 1n Fig. 1 , because the accuracy of the Integrated intensities 1s not good enough for discussion in detail.
On full assignment of non-exchangeable protons (except for H5'/H5"), chemical shifts were found to show some remarkable features. The HI' of C3 was found to have a rather upfield-shifted resonance at 5.40 ppm compared to those of the other residues. The difference in chemical shift between C3 and the other residues is at least about 0.3 ppm (see Table 1 ). The ring current effect of neighbouring bases is the most plausible cause for such an upfield shift. The guanine located on the 5' side is far away from the HI 1 of C3 in right-handed DNA, so this guanine 1s not suspected to be the cause of the upfield shift, as indicated also by calculation [39] . The adenine located on the 3 1 side is the remaining candidate for the cause of the upfield shift.
This kind of upfield-shifted resonance for the HI' of the residue located just before the ol1go(dA)oligo(dT) tract has been already reported for d(CGAAAAATCGG)d(CCGATTTTTCG) by Kintanar et al. [15] . They also observed an extraordinary upfield-shifted resonance for the HI 1 of G2 at 5.08 ppm and suggested the close relationship of this shifted resonance with DNA bending. They also observed a relatively upfield-shifted resonance for the HT of G4 at 5.42 ppm 1n d(CGCGAATTCGCG) 2 [26] , but 1n this case they ruled out Us relationship with DNA bending. In the crystal structure of this oligomer, however, DNA bending was observed [36] [37] [38] , so we cannot rule out completely the relationship of the resonance at 5.42 ppm with DNA bending. Moreover, although the HI' of C3 (5.40 ppm) in our oligomer resonates approximately at the same position as that of G4 (5.42 ppm) 1n d(CGCGAATTCGCG)2, the difference in chemical shift between HI 1 of C3 and the other residues 1n our oligomer 1s more than 0.28 ppm, which is comparable with the 0.28 ppm between G2 and the others in d(CGAAAAATCGG)d(CCGATTTTTCG). On the other hand, the difference between G4 and the others 1n d(CGCGAATTCGCG) 2 1s only 0.13 ppm. So the resonance of the HI' of C3 1n our oligoraer is surely extraordinary. Therefore, we suppose that this upf1eld-sh1fted resonance is connected with the unusual Additionally, the H8 of G10 resonates at a relatively upfield position compared to the H8 of the other purine residues. The G10 is located just after the oligo(dA)oligo(dT) tract, so there 1s the possibility that this upfieldshifted resonance is related with the unusual conformation at the junction. Of course, it must be also taken Into account that the residues on the 5' side of the guanosines other than G10 are all pyr1m1d1ne residues, and only G10 has a purine residue on Its 5 1 side, so the ring current effect is expected to be exclusively different for G10. The most interesting feature in the NOESY spectra is the cross peaks between the H2 of the adenine and the HI' of the 3' neighbour on the same strand and the 3' neighbour of the complementary residue. Both kinds of cross peaks are observed for A4, A5, A6, A7 and A8. In The remarkable features for A9 are the absence of the intrastranded cross peak from Its H2 to the HI 1 of G10 and the presence of the Interstranded cross peak to that of T16 Instead. This suggests conformational discontinuity at the junction between the oligo(dA)ol1go(dT) and the following portion, and some deformation about 9A and/or 16T residues.
In summary, we have assigned the imino protons and all of the nonexchangeable protons except for H5'/H5". Qualitative analyses of the NOESY spectra showed that local conformational deviations exist, although the overall structure is of the B-form. The base pairs in the oligo(dA)oligo(dT) tract are propeller-twisted to the similar degree as in the crystal structure, and the width of the minor groove of the tract is compressed. Moreover, the compression becomes more remarkable, from 5' to 3 1 , along the oligo(dA)oligo(dT) tract. Unusual chemical shifts are observed for the residues just before and after the ol1go(dA)oligo(dT) tract, and the 1ntrastranded cross peak between the H2 of A9 and the HI 1 of G10 is not observed. These results suggest conformational discontinuity at the junctions between the ol1go(dA)oligo(dT) tract and the other portions. Consequently, a combination of the models proposed by Koo et al. and Burkhoff et al. 1s suspected to explain the conformation of this oligomer.
